Oxidatively generated damage to DNA frequently appears in the human genome as an effect of aerobic metabolism or as the result of exposure to exogenous oxidizing agents. Due to these facts it has been decided to calculate the stability of 5',8-cyclo-2'-deoxyadenosine/guanosine (cdA, cdG) in their 5'R and 5'S diastereomeric forms. For all points of quantum mechanics studies presented, the density functional theory (DFT) with B3LYP parameters on 6-311++G** basis set level was used. The calculations showed a significant negative enthalpy for glycosidic bond cleavage reaction for cationic forms and slightly negative for neutral ones. The preliminary study of the discussed process has shown the nature of stepwise nucleophilic substitution D N *A D type mechanism. Surprisingly, the different values in free energy, between short-lived oxacarbenium ion intermediates, have been found to lie over a relatively small range, around 1 and 2.8 kcal mol -1
Introduction
Oxidatively generated damage to DNA frequently appears in the human genome as an effect of aerobic metabolism or as the result of exposure to exogenous oxidizing agents. Highly reactive and the most propagated are hydroxyl radicals (
• OH) and these may result in significant oxidative damage to nucleic acid [1] . The 5',8-cyclopurine-2'-deoxynucleosides appear in the cell environment as products of the consequent C5'-C8 cyclisation reaction following proton abstraction from C5' of the sugar moiety (Fig. 1 ). This process has been intensively investigated by the groups of Miaskiewicz [2] , Chatgilaloglu [3] and Eriksson [4] .
The level of cyclopurines in living cells depends on the tissue. Brooks et al. reported 180-320 cdA per cell for fetal and post-natal rat liver [5] . On the other hand, in calf thymus, Dizdaroglu et al. assigned 1200 lesions per cell [6] . Furthermore, the different detection techniques demonstrate a different sensitivity of detection; for LC/ MS in 2 fmols it was one cdA per 10 7 bases, for 32 Ppostlabeling approached the limit of 1-5 cdA per 10 9 bases [5] . Cadet and co-workers focused on the artificial oxidation of nulceobases during several steps as: silylation for GC/MS, DNA extraction or subsequent work up prior to HPLC analysis [7] . However, in the literature several papers exist which suggest that the level of (5'S)cdA in cells is comparable to that of 8-hydroxy-2'-deoxyguanosine and three times higher than 8-hydroxy-2'-deoxyadenosine [3, 5] . (5'R)cdA has also been found in mammalian cells, but the level of 5'S diastereomer was higher [8] . From a different perspective, the 5'R diastereomer of 5',8-cyclo-2'-deoxyadenosine has been found as the predominant species formed during the γ-radiation of an aqueous solution of free suitable purine-2'-deoxynucleosides [8] . Recent data has suggested that cyclopurines are chemically stable and can accumulate in cells. However, Miranda et al. have reported the solar one-way photoisomerisation of (5'S)cdA→(5'R) cdA [9] . Theoretical investigations of the cyclisation reaction leading to 5',8-cyclo-2'-deoxyadenosine have suggested that the 5'R isomer is energetically favored [2] [3] [4] . Moreover, the sequence of the nucleobases in DNA and the integrity of oligonucleotides are essential for the genetic information of cell. The depurynation process leads to an apurinic / apyrimidinic site (AP) as a consequence of N-glycosidic bond cleavage [10a,b] . This process may occur spontaneously or can be induced by the use of chemical compounds, leading to AP formation with the frequency 10 4 per cell per day [11] . Due to that, the stability of the N-glycosidic bond in 5',8-cyclopurine-2'-deoxynucleosides maybe important for measurement of their level of occurrence in cells.
Experimental Procedures

Synthesis of 5'R and 5'S forms of 5',8-cyclo-2'-deoxyadenosine
The 5'S and 5'R isomer of 5',8-cyclo-2'-deoxyadenosine were synthesized by the method described by Cadet et al. [14] The synthesized products were purified in one 
Formic acid hydrolysis experiment [13]
The experiments, for the kinetic analysis of stability of cdA 5'R and 5'S isomer during acid hydrolysis were conducted by treating 1.2 µmol of nucleoside with 15% formic acid in a 2 mL volume (total volume of the analyzed sample). The samples (5'R)cdA, (5'S)cdA and the mixture of 5'R and 5'S form of cdA (1:1) were incubated at 40°C for 22 hours, with thymine (Thy) as a internal standard (0.9 µmol of Thy was added to each sample). Equal amounts (40 µL) of samples were injected (every 77 min) into an analytical HPLC column, directly from the reaction vials in order to avoid the influence of work-up processes. The progress of reactions were calculated by measuring the area of each peak at 248 nm and 267 nm separately. The difference in stability between 5'R and 5'S diastereomers of 5',8-cyclopurine-2'-deoxynucleosides. DFT study in gaseous and aqueous phase.
For this purpose, a GRACE (Grace Davison Discovery Science TM ) column, GraceSmart RP-C18, 150 mm x 2.1 mm, 3µm, was used. The elution was achieved using 0.1 M ammonium acetate solution in water (AA) as buffer "A" at pH-7, with a gradient from 0% to 35% of buffer "B" (40% acetonitrile in buffer "A") over 35 min, then from 35% to 100% of buffer "B" over 5 min, followed by 100% of buffer "B" to 0% over 5 min, with an equilibration time 30 min, retention times, given in minutes λ max1 =254 nm, λ max2 =260 nm. During the whole analytical processes, a constant temperature of 40°C was kept for the autosampler and 25°C for the HPLC column. HPLC High performance liquid chromatographic analyses were performed by a Varian "ProStar" analytical unit containing: pump model 230, UV/VIS detector model 325, column oven model 510, autosampler model 420. For the HPLC analyses visualisation and signals integrations, Varian "GalaxieChromatography Workstation" Version 1.9 software was used.
Liquid chromatography-mass spectroscopy (LC/MS)
HPLC/MS analysis was done using Varian equipment: LC/MS system 500-MS IT Mass Spectrometer, detector "Prostar" 335 PDA, pump delivery system 212-LC, autosampler model 410. For the HPLC/MS analyses visualisation and signals integration, "Varian Workstation System Control" Version 6.9 with service pack 2 was used.
The samples for HPLC/MS analysis were prepared by hydrolyzing (5'S)-cdA and (5'R)-cdA under the conditions indicated in Section B immediately above. After HPLC analysis of the formic acid hydrolysis experiments, the samples were frozen at -40°C. The samples were analyzed by HPLC/MS under the chromatographic conditions described in this section, with electrospray fragmentation, at 68 eV.
Computation Methodology
The molecular geometries of neutral 5',8-cyclopurine-2'-deoxynucleosides in the gas phase were initially optimized by molecular mechanics using the UFF (Universal Force Fields) [17] implemented in Gaussian 03 software, with the exclusion of the geometries of detachment products. All subsequent calculations were performed by the density functional theory (DFT) using the generalized gradient approximation (GGA) exchangecorrection functional, in which the B3LYP functional was implemented (Becke's three-parameter hybrid HF/DFT exchange functional, and the Lee-Yang-Parr correlation functional). For all calculations the 6-311++G** [18] basis set with polarisation and diffusion functions was used -yielding 473 and 495 basis functions per cdA and cdG, respectively. The triple-ζ quality 6-311++G** basis set was represented as a number of atomic orbitals composed of M C,N,O /M H (5s4p1d / 4s1p), consisting of 23 basis functions per C, N, O atoms and 7 basis functions per H atoms [19] . For characterisation of the stationary point of all the investigated molecules, the harmonic vibration was calculated at the B3LYP/6-311++G** level. Moreover, using this strategy, the contribution of zeropoint vibrational correction and thermal contribution to the free energies was considered. For all energy calculations, the scale factor 0.97 for 6-311++G** basis set was used [20a] . The stable geometries and harmonic vibrations of short-lived oxacarbenium ion intermediates, in the aqueous phase, were performed at B3LYP/6-31++G** level. The suitable energies were obtained by single point calculation at B3LYP/6-311++G** level (scale factor 0.9854 for B3LYP/6-31++G** [20b]). The solvent effect was described for an aqueous medium, applying Tomasi's polarized continuum model (PCM) [21] , dielectric constant of water ε=78.39. To determine the charge distribution and molecular orbitals, natural population analyses (NPA) with natural bond order (NBO) were performed using the B3LYP functional and 6-311++G** basis set. The calculations of all structures were performed with Gaussian 03 Revision D.01 [22] .
Results and discussion
In this study, for the first time the effect of a charge on the enthalpy of cyclopurine decomposition was taken into consideration. Tables 1 and 2 list the zeropoint corrected enthalpies of the hydrolysis reaction of glycosidic bond and suitable Gibbs free energies of substrates and products of the process (calculated in both gaseous and aqueous phases) depicted in Fig. 2 .
In the discussed process the conversion of anionic, cationic and neutral forms of substrates to the proper neutral form of products was taken under consideration. The enthalpies of the mentioned reaction by Schaefer's group were found to be close to zero for the neutral form of 2'-deoxyadenosine and 2'-deoxyguanosine [12] . The anionic forms of these canonical nucleosides showed negative values [12] . In this study, cyclopurines exhibited a slight negative enthalpy for this reaction of their neutral forms, moreover, in the gaseous phase the 5'S diastereomer seems to be a better substrate for the decomposition process in comparison with the 5'R form. The same trend was observed for the reaction of cationic and anionic forms of cdA and cdG. However, the negative enthalpies, calculated for the cationic forms, are significantly higher than for neutral ones. Interestingly, in the anionic species the 5'R diastereomers adopts a positive value of the reaction enthalpies, opposite to 5'S which was calculated as negative. The change of the calculation phase to an aqueous one revealed a significant enthalpy increase for anionic molecules, with subsequent decreases for the neutral and cationic species. Moreover, the 5'S diastereomer was observed as more stable than that of the 5'R in the anionic, cationic and neutral forms of 5',8-cyclo-2'-deoxypurines. From the recent research of Rodriguez-Santiago [10a] it is known that the hydrolysis of N-glycosidic bond depends of the electronic structure of nucleosides and moreover of the water molecule position versus the C1'-N9 bond. Due to the abundance of reaction pathways, a careful investigation of the adequate one, for both 5'S and 5'R diastereomers of 5',8-cyclo-2'-deoxypurines, will be the objective of future studies. However, in this article nucleophilic substitution at the C1' anomeric carbon of the neutral form of 5',8-cyclo-2'-deoxypurines was taken under consideration (Fig. 2) .
The discussed reaction type has been classified, by IUPAC nomenclature, as a bimolecular D N A N (S N 2) or stepwise D N *A N (S N 1) reaction. It is known that N-glycosidic bond hydrolysis can proceed through transition state (S N 2-type) or oxacarbenium ion intermediate (S N 1-type) [10b] . First of all, it should be mentioned that in all calculated transition structures, found during potential energy surface scans, the distances between N9-C1' and C1'-O from H2O molecule were in the range between 2.67-3.18 Å and 2.31-2.67 Å, respectively (Table 3) The difference in stability between 5'R and 5'S diastereomers of 5',8-cyclopurine-2'-deoxynucleosides. DFT study in gaseous and aqueous phase.
Santiago, the values of these distances have indicated that hydrolysis of the N-glycosidic bond in cyclopurines proceeded through a D N *A N stepwise reaction. Fig. 3 presents the structure of four short-lived oxycabonium ions (IM 1-4) that were identified in this study. The NPA analyses have shown, that positive charges have been localized at the C1' atom in each short-lived intermediate (IM). Moreover, the 2'-deoxyfuranose ring adopts the conformation 3 T 4 and 3 T 2 which corresponds to a C3'-exo form typical for a stepwise mechanism [10a]. The pseudorotation parameters -phase (P) and amplitude (φ max ) have been calculated by the following equation: tanP=[(φ 4 +φ 1 )-(φ 3 +φ 0 )]/2φ 2 (sin36+sin72) and φ max =φ 2 /cos(P), in which suitable dihedral angles were
Moreover, in the transition structures, a shortening of the O 4' -C 1' and C 1' -C 2' bonds were noted. These observations suggest that the discussed mechanism is an S N 1-type process, in which the leaving group dissociates, followed by nucleophilic addition. The leaving group (purine) and nucleophile (OH 2 ) are separated, in transition structures, by an oxycarboanion ion in which the C1' atom adopts sp 2 hybridization. The calculations in gaseous phase show that the difference in free energy between suitable intermediates are 1-2 kcal mol -1 . Additionally, these values decrease slightly for the results of calculations obtained in aqueous media (Table 3) . Moreover, the data derived from this study have disclosed that the free energies of oxacarbenium ions are higher, approximately The difference in stability between 5'R and 5'S diastereomers of 5',8-cyclopurine-2'-deoxynucleosides. DFT study in gaseous and aqueous phase.
40 kcal mol -1 , than the corresponding energies of substrates and products. These differences increase significantly for the results obtained by calculation in the aqueous phase, as shown in Table 3 . However, in aqueous phase the 5'R diastereomers of cyclopurines exhibit the lowest value of the "energy barrier":
From the work of Jaruga [13] it was derived that the acid hydrolysis of (5'S)cdA leads to cleavage of the C1'-N9 bond with (5'S) 5-C-(6-amino-9H-purin-8-yl)-2-deoxypentafuranose (h-S-cdA) formation [13] . To confirm the results of the theoretical study that (5'S)cdA is a worse substrate for the glycosidic bond cleavage process than (5'R)cdA, formic acid hydrolyses in 40°C for both diastereoisomers were performed. The progress of the reactions were monitored by HPLC. After the 24.5 hours 75.8% of (5'R)cdA and 73.2% of (5'S)cdA were hydrolysed (yield of reaction was determined from peak integration of a suitable chromatogram of RP-HPLC analysis). Finally, the structure of the product and substrates were confirmed by LC/MS (details of the experiments are presented in the experimental section). In each case, the following signals in mass spectra were observed (m/z): M + 250.5 (5'S)cdA, M + 268.4 h-S-cdA, 127.1 Thy (internal standard); for 250.3 (5'R)cdA, 268.3 h-R-cdA, Thy (internal standard), which corresponded to the following retention times given in minutes: (5'R) cdA-16.94, h-R-cdA-5.32, Thy-1.91; (5'S)cdA-16.84, h-S-cdA-5.22, Thy-1.89 during HPLC analyses. The experiments showed that the rate of (5'R)cdA hydrolysis is slightly higher than for (5'S)cdA, therefore the 5'S diastereomer has a predisposition to be more stable than 5'R (Fig. 4) in an aqueous medium.
Conclusion
Tandem base modification can occur in DNA as the result of ionization radiation or oxidative stress. In this study the glycosidic bond stability of 5'R and 5'S diastereomers of 5',8-cyclo-2'-deoxyadenosine / guanosine in their cationic, neutral and anionic forms were studied by density functional theory (DFT B3LYP/6-311++G**). The calculations in gaseous and aqueous phases showed a significant negative enthalpy for the glycosidic bond cleavage reaction for cationic forms, and slightly negative for neutral ones. For anions, the decomposition enthalpies were found as positive in both phases, excluding (5'S)cdG and (5'S)cdA in the gaseous phase, where both adopted a negative value. This preliminary study of the discussed process has shown the nature of stepwise nucleophilic substitution D N *A D type mechanism. Surprisingly, the different values in free energy between short-lived oxacarbenium ion intermediates have been found to be relatively small, around 1 and 2 kcal mol -1 . Furthermore, these theoretical results were supported by the formic acid hydrolysis experiment of both diastereomers of cdA, (5'S)cdA showed a slightly higher stability than (5'R)cdA.
